Estuarine intertidal zones are characterized by variable salinity regimes due to seasonal and daily fluctuations. Salt-marsh inhabitants, such as the mud fiddler crab Uca pugnax, are physiologically adapted to this habitat. Crustacean growth and development are energy demanding and sensitive hormonal processes which are susceptible to natural stressors. This study investigated physiological and metabolic changes in the molt cycle of U. pugnax in response to different salinity levels by assessing the survival, respiration, and postmolt tissue protein and carbohydrate content. Crabs were subjected to a limb regeneration and ecdysis challenge under four different salinity regimes. For the study, a limb was removed and its regenerative growth was photographed every two days. After ecdysis, crabs were dissected, and the tissues collected were analyzed for their protein and carbohydrate contents. Crabs held at 60 and 75 ppt seawater showed 100% mortality. Crabs at 60 ppt did not undergo basal limb growth. During limb regeneration, abnormal limb growth occurred solely in males. Post-molt 40 ppt crabs showed elevated respiration rates compared to 10 ppt crabs. Females and 25 ppt crabs had significantly more free carbohydrates in epithelial tissue than males and crabs at 10 and 40 ppt. As salinity decreased, epithelial protein content in females decreased while males experienced no change. Salinity did not affect the amount of acid, water or base-soluble exoskeleton protein. These physiological responses indicate that U. pugnax males and individuals exposed to extreme salinities are more likely to be impacted by salinity stress during limb regeneration and ecdysis.
INTRODUCTION
Temperate intertidal and estuarine environments are unique areas of ecological diversity which are sensitive to abrupt change due to dynamic weather and water quality regimes. One of these changing parameters, salinity, undergoes both seasonal and daily fluctuations (Adam, 1993) . Seasonal changes can alter salinity gradually, but can also occur rapidly due to precipitation, evaporation, diurnal tides and anthropogenic influences (Hackney et al., 1976; Lerburg et al., 2000) . Over time, intertidal salinity levels can range from low levels of 2-3 ppt to relatively high levels above 60 ppt (Adam, 1993) .
Salinity determines species distribution of biota throughout the intertidal zone (Kneib, 1984) . Crustaceans which inhabit these areas must possess tolerance mechanisms to cope with salinity stress (Péqueux, 1995) . Species of fiddler crabs in the genus Uca inhabit sand and mud intertidal areas with each species' adult spatial distribution strongly correlated to local salinity regimes (Teal, 1958; Brodie et al., 2005) . U. pugnax (Smith, 1870) and U. pugilator (Bosc, 1802) are usually found in salt marsh with medium S. alterniflora cover or open sandy habitats, respectively, characterized by mid-to-high ranges of salinity (. 25 ppt) while U. minax (Le Conte, 1855) prefers habitats with brackish water (0-10 ppt). However, adult U. pugnax can be found in areas where salinity levels are as low as 10 ppt (Teal, 1958) . Larvae of each species of Uca generally tend to recruit in areas that favor adult crab preferences for salinity and sediment type (O'Connor, 1993) , although deviations from this pattern have been observed. Brodie et al. (2005) observed that the larvae of U. pugilator recruited in areas dominated by dramatic salinity changes (0-25 ppt) with little adult presence. Settlement of larvae in areas without a strong adult presence and differences between species distributions of Uca suggests that salinity associated stress disrupts juvenile and adult developmental and growth processes (Weis, 1976; Godley and Brodie, 2007) .
Fiddler crabs undergo ecdysis to regenerate lost limbs and facilitate growth (Hopkins, 2001) . The ability to molt is highly dependent on environmental conditions and hormonal control (Vigh and Fingerman, 1985; Chang et al., 2001; Hopkins, 2001) . One common marker of stress in crustaceans is disruption of ecdysis and limb regeneration (Weis, 1976) since both processes require large amounts of energy (Wheatly and Ayers, 1995; Hopkins et al., 1999) . Research has shown that extreme salinity can affect regeneration of crustacean limbs, timing of ecdysis and metabolism (Weis, 1976; Mugnier and Justou, 2004) . Regeneration of limbs can be used to determine the progress, competence, and potential disruption of the molt cycle (Weis, 1976; Clare et al., 1992) . During molt, individuals may be more susceptible to osmoregulatory stress or other natural and anthropogenic factors (Weis, 1976; Mugnier and Justou, 2004) . The quality of the molt has important implications for the behavior and ultimate survival of the individual crab (Chang, 1995) . The effects of salinity on metabolism, respiration and growth during intermolt have been well studied for the genus Uca. However, our study detailing the response of Uca pugnax to salinity stress during ecdysis and post-molt adds to the understanding of salinity's influence on growth processes in intertidal decapod crustaceans.
The major objective of this study was to determine the potential lethality and the sub-lethal impacts of different salinity regimes on male and female U. pugnax during limb regeneration and ecdysis. First, a range-finding acute 96-h tolerance study determined the survival and therefore osmoregulatory capacity of field-collected U. pugnax. Next, a chronic ecdysis and limb regeneration challenge determined limb regeneration ability and respiration rate. Carbohydrate and protein content in the exoskeleton, epithelial, hepatopancreas, and hemolymph tissues was measured in post-molt crabs. We hypothesized that crabs at the highest and lowest salinities would show evidence of increased energy demand, higher frequencies of ecdysis and limb regeneration disruption, and poor quality of the individual post-molt.
MATERIALS AND METHODS

Animal Collection
We collected adult crabs of Uca pugnax for this experiment on 26 August 2006 at Powell's Bay, VA and transported them back to West Virginia University in shallow tanks containing aerated seawater. We separated crabs by sex and acclimated them to laboratory conditions (14:10 photoperiod at 22uC) in tanks with a sand bank and standing seawater at a salinity of 25 ppt. Artificial seawater (Instant Ocean with nanopure water) in the tanks was changed three times per week while crabs were fed TetraMin Tropical Flakes twice a week. Ammonia, nitrite, nitrate, pH and salinity levels (, 4 ppm, , 1 ppm, , 20 ppm, 8.0-8.3, 24-27 ppt respectively) for each tank were monitored weekly before a water change.
Determination of 96-h Acute Salinity Tolerance Range
Crabs were exposed to different salinity levels to determine survival and hemolymph osmoregulation ability. Forty males and forty females were separated by sex and acclimated in 25uC, 25 ppt water for a week. Feeding occurred twice a week and a 50% water change was performed every other day during acclimation. Five salinity (10, 25, 40, 60 , and 75 ppt) treatment groups with 3 tanks per group were set up with an air supply. Crabs of both sexes were chosen randomly from the acclimated population and placed into the tanks. Each tank contained 6 animals, 3 males and 3 females. The tanks were placed in water baths maintained at 25uC and a 14:10 light cycle throughout the exposure. During the 96-hour exposure, the tanks were checked daily for survival and salinity. A 100% water change was performed at 48 h, while ammonia, nitrogen, DO, and pH levels were tested at 48 and 96 h. Crabs were not fed during the exposure.
At the end of the exposure, survival, blotted wet weight, carapace width, claw length and claw width were taken using calipers and recorded. Approximately 10 mL of hemolymph was collected from the base of the fourth left walking leg of each crab using a glass pipette. Both hemolymph and seawater samples were immediately run on a Wescor 5520 vapor pressure osmometer (Saravanan and Ravindranath, 1981) to determine hemolymph and external osmolarity. The crabs were then allowed to recover in uninhabited sand tanks.
All data from this experiment were evaluated with SAS JMP (version 5.1). A two-way ANOVA (a 5 0.05) was performed to determine whether the effects of external osmolarity on hemolymph osmolarity depended on sex. A Tukey-Kramer HSD post-hoc test was performed to determine which groups were significantly different from each other. A chi-square test was performed to determine the effect of external osmolarity differences on survival.
Chronic Ecdysis and Limb Regeneration Challenge
A separate set of crabs were acclimated following the above mentioned methods. A 2-way, 2 3 4 factorial design comprising of two sexes and four exposure salinities (10, 25, 40 , and 60 ppt) was employed. 5-10 crabs per treatment group were used. Each crab was placed in a wide-mouth glass mason jar containing 700 mL seawater and an airstone with air supply. After acclimation, pleopods were examined to determine molt stage of each test animal (Vigh and Fingerman, 1985) . Crabs in Stage C 4 (intermolt) with no missing limbs were used for the experiment. Each crab's initial wet weight, carapace width, body condition (weight / carapace width 3 ), claw length and width were determined using a bench top balance and digital calipers. The fourth right walking leg was removed by inducing self-autonomy by grasping the leg with forceps (Hopkins, 2001) . The crabs were allowed to recover for 1 h in 25 ppt water before being placed randomly in exposure jars. Jars were randomly placed into one of four water baths maintained at 25uC.
To assess the progression of each crab through the molting process, we monitored limb regenerative growth and pleopods. Every two days photographs of the regenerating limb were taken under a dissecting scope at 8 and 20 3 magnifications using a Diagnostic Instrument's SPOT Insight Model 3.2.0 digital still camera mounted on an Olympus SZ-PT dissection scope. After the photographs were taken, a water change was performed on all exposed individuals. Crabs were fed TetraMin Tropical Flakes every 3 days. When regenerating limb R values showed that the crab had completed basal growth and reached basal plateau (R 5 8-10), bilateral eyestalk ablation was performed (Hopkins, 2001; Stueckle et al., 2008) . Crabs were anesthetized by transferring them and some of their exposure water to a fingerbowl which was placed on ice for 20 min. Both eyestalks were clipped at their base and 5 mL of a warm 1% agarose solution was added to cauterize each wound. Ablated crabs were allowed to recover at room temperature for 30 min and placed back in their exposure jar. Both female and male crabs exposed to 60 ppt seawater experienced 100% mortality within 24 h of ablation while all other treatment groups experienced # 10% mortality. Every two days following ablation, molt stage of crabs was determined by pleopod examination. Retraction of the epidermis and/or formation of new setae and chitin layers indicated proecdysis stage (Vigh and Fingerman, 1985; Stueckle et al., 2008) .
Respiration rate determinations were performed on at least three crabs from each treatment group at three main stages of the molt cycle: Stage C / basal limb growth, proecdysis, and post-ecdysis. Each crab was removed from its exposure jar and placed in a cylindrical 50 mL tube acclimated in a 25uC water bath. Crabs were allowed to recover from handling stress for 10-15 min prior to the respiration determination. A total of 24 crabs underwent the respiration protocol. Dissolved oxygen was measured using a Pinpoint II Oxygen Monitor (American Marine Inc, Ridgefield, CT, USA) fitted with a rubber stopper to seal the tube. Respiration rate was calculated by observing the decrease of dissolved oxygen concentration over time in a 50 mL tube of seawater at 25uC (Pillai and Diwan, 2002) . Crabs were held in respiration chambers for an average of 55 min, ranging from 25 to 85 min. Respiration data was normalized by dividing rate of oxygen consumption by the weight of each crab. A 2-way repeated measures ANOVA (a 5 0.05) was used to determine whether the effect of salinity on respiration rate depended on sex and molt stage. For tests resulting in a significant F value, a post-hoc Tukey-Kramer HSD was used to determine those means significantly different from each other.
After ecdysis, a final picture of the regenerated leg was taken for each surviving crab. Final limbs were inspected for abnormal growth evidenced by malformed limbs, bulged growth in limb segments, or the absence of a regenerative limb (Stueckle et al., 2008) . The duration of both basal limb growth and proecdysis were determined and compared across treatment groups. Regenerative limb lengths were measured in triplicate from images at basal plateau, Stage D 4 , and post-ecdysis using Image Pro Plus (version 4.5). To compare limb lengths among crabs, a regenerative value (R value) was determined by dividing limb length by carapace width (Hopkins, 2001) . Six days after ecdysis (Stage C 1 ), the final weight, carapace width, claw length and claw width were taken. Percent change in weight, body condition, carapace width and claw size was determined by comparing post-molt Stage C 1 to initial Stage C 4 values. Each crab was anesthetized on ice and dissected to collect epithelial, hepatopancreas, hemolymph and dorsal carapace tissues. All collected tissue was frozen at 280uC until analysis.
To determine whether the effects of salinity on limb growth and body condition data depended on sex, data were checked for homogeneity of variances and normality of residuals using Bartlett's F test and ShapiroWilk's test, respectively. Data were log-transformed to meet ANOVA normality assumptions and analyzed with a 2-way ANOVA. Data that did not meet ANOVA assumptions were subjected to a one-way Wilcoxon test or Fisher's exact test. Tukey-Kramer HSD and paired x 2 post-hoc tests were performed on data to determine significant differences among means.
Protein and Carbohydrate Analyses of Post-molt Adult Tissues
To determine protein and carbohydrate content in collected tissues, samples were removed from the 280uC and were allowed to thaw on ice. Dorsal carapace tissue was analyzed for acid-, water-and base-soluble exoskeleton protein content. This was done by extracting proteins in acidic, neutral and basic buffers according to previous developed methods (Pratoomchat et al., 2002; Gagne et al., 2005; Stueckle et al., 2008) . Protein extracts were then assayed using a Bio-rad 96-well plate method at 595 nm (Bradford, 1976) . Exoskeleton tissue following extraction was dried at 60uC for 24 h. The resulting dry weight was considered the amount of chitin. Exoskeleton protein content was normalized to chitin dry weight.
To determine the free-and protein-bound carbohydrates in the hemolymph, epithelial, and hepatopancreas tissues, we used the anthrone reagent method (Wheeler and Buck, 1992) . Briefly, hepatopancreas and epithelial tissues were homogenized with a motorized pestle in a cold phosphate homogenization buffer followed by sonication for 10 seconds. All three tissues were precipitated with 1:1 (w/v) ratio of 10% TCA to precipitate proteins. Free and protein-bound carbohydrate levels were then determined by anthrone reagent and by spectrophotometer analysis at 595 nm. Hepatopancreas and epithelial tissues were analyzed for total protein content via the above BioRad method. Tissue data were checked for ANOVA assumptions and subjected to the same statistical procedures as described above for limb and body data.
RESULTS
Tolerance Range of 96-hour Acute Salinity
The acute study was used to determine the tolerance limits of Uca pugnax to salinity stress. Acute exposure of U. pugnax to different salinity regimes had a significant effect on the survival of Uca pugnax (x 2 5 19.60, P , 0.0001). All crabs at the highest (75 ppt) salinity died, but survival for all other salinities was above 83.3%. Hemolymph osmolarity significantly increased as the external salinity increased ( Fig. 1 ; F 5 132.96, P , 0.0001). Both sexes displayed adequate hemolymph osmoregulation at 10 and 25 ppt but lost that ability at $ 40 ppt. These results display U. pugnax's tolerance range and ability to regulate internal osmolarity and allowed us to select which salinities to test in the chronic study.
Chronic Ecdysis and Limb Regeneration Challenge
In the chronic study, we assessed how sex, salinity and their interaction affected survival during limb regeneration and molting challenge. In the ecdysis challenge, salinity significantly affected stage-specific crab mortality ( Fig. 2; x 2 5 19.030, P 5 0.0249). Crabs at 60 ppt did not undergo basal limb growth. After 25 days of exposure, these crabs were eyestalk ablated and 100% died within 24 h. For crabs in the other three salinity groups, 25-38%, 12.5-25% and 0-12.5% died during basal growth, proecdysis and postmolt stages, respectively.
Since inhibited or abnormal limb growth is a good indicator of stress in crustaceans, we tracked the growth of the limbs during basal and proecdysial growth and assessed the frequency of abnormal limb formation. The combined effects of salinity and sex on basal plateau, Stage D 4 and final post-molt limb lengths were not significant (all F # 1.1781, P $ 0.3411). Average R values (6 SE) at basal plateau, Stage D4 and post-ecdysis were 8.9 6 1.1, 17.4 6 1.7, and 96.1 6 7.1, respectively (Table 1) . 25 ppt salinity increased limb length variability 3-fold at Stage D 4 (Bartlett's F 5 5.5306, P 5 0.0040) and post-molt (Bartlett's F 5 5.2370, P 5 0.0053). Males displayed a 2-fold increase in variability over females in basal limb growth duration (Table 2; x 2 5 2.1910, P 5 0.1388; Bartlett's F 5 4.4775, P 5 0.0343) while 10 ppt increased variability 2-fold compared to other salinities during this time (x 2 5 2.0239, P 5 0.3635; Bartlett's F 5 3.4213, P 5 0.0327). But, salinity had no impact on the mean basal limb growth duration for either sex (F 5 0.7842, P 5 0.4689) and neither sex, salinity nor their interaction significantly affected proecdysis duration (all F # 0.4781, Fig. 1 . Effect of external osmolarity on osmoregulation ability in U. pugnax after 96 h. Each increasing external osmolarity value corresponds to increasing salinities of 10, 25, 40, and 60 ppt. All osmolarities of crab hemolymph at each salinity level significantly differed from each other (F 5 132.96, P , 0.0001; Tukey-Kramer HSD P , 0.05). As external osmolarity increased, hemolymph osmolarity also increased. Crabs exposed to 10 ppt salinity water possessed hemolymph osmolarities above the isosmotic level indicating a hyperosmoregulatory strategy at these levels. Fig. 2 . Molt stage-specific mortality of both male and female U. pugnax exposed to different salinity during a molt and limb regeneration challenge. All crabs exposed to 60 ppt seawater did not survive longer than 24 h after bilateral eyestalk ablation (x 2 5 19.03, P 5 0.025). All other salinity regimes did not significantly differ in stage-specific mortality.
SHOCK ET AL.: SALINITY STRESS ON U. PUGNAX MOLTING P $ 0.6291). Basal limb growth and proecdysis lasted 15.3 6 1.1 and 11.1 6 1.9 days, respectively. Only males at 25 and 40 ppt exhibited abnormal regenerated limbs following molt completion, however there was no significant effect of salinity on counts of abnormal limbs (Table 1; Fisher's exact test P 5 0.085). These regenerative limbs were either absent or were severely deformed and undersized (Fig. 3) . In summary, neither salinity, sex nor their interaction affected limb growth or proecdysis duration. However, abnormal limb regeneration occurred solely in males.
We surveyed the changes in body size in male and female crabs at each salinity by calculating the percent change between pre-and post-molt values. Salinity did not affect the percent change in male large claw length or width (both F # 2.0448, P $ 0.1917). The interaction of sex and salinity did not significantly alter percent change in carapace width (Table 3 ; F 5 1.0423, P 5 0.3785). Carapace width increased by 7.5 6 1.6% for both sexes. Crabs at 10 and 40 ppt exhibited a 3-fold increase in variability in percent change in carapace width (Bartlett's F 5 3.3333, P 5 0.0357). The interaction of sex and salinity did not significantly affect percent change in weight (F 5 0.7168, P 5 0.5081), but crabs at 10 ppt and 40 ppt showed 3.5-fold increased variability in their weight change (F 5 3.3816, P 5 0.0340). Both female and male crabs experienced an average gain in weight of 16.5 6 5.7%. Accordingly, male and female crabs did not show a significant difference in percent change in body condition at any salinity (F 5 0.6060, P 5 0.5602). Although no differences in body size means were detected, crabs at 10 and 40 ppt displayed increased variability in their growth response.
Respiration rates were used as a metabolic stress indicator during basal growth, proecdysis and post-ecdysis stages. Crab respiration rate (mg O 2 /L/h/g wet weight) at each salinity was dependent upon molt stage (F 5 3.0084, P 5 0.0499). Post-molt crabs at 40 ppt had a three fold increase in respiration rate (Mean Respiration 5 0.440, SE 6 0.123) compared to crabs at 10 ppt (Mean Respiration 5 0.142, SE 6 0.034; Tukey-Kramer, P , 0.05) while neither salinity differed from crabs at 25 ppt (Mean Respiration 5 0.239, SE 6 0.061).
Protein and Carbohydrate Analyses of Post-molt Adult Tissues
Since carbohydrates are an immediate energy source in crabs, we analyzed free and protein-bound carbohydrate content in exposed post-molt crab epithelial, hepatopancreas and hemolymph tissues. Mean free carbohydrate content in female crab (n 5 9) epithelial tissue from all salinities was approximately ten times greater than the amount found in male crabs (n 5 10; Fig. 4a ; F 5 8.5477, P 5 0.0152). Crabs (both sexes) at 25 ppt had significantly more free carbohydrates in epithelial tissue than crabs at other salinities ( Fig. 4b ; F 5 5.3768, P 5 0.0260). However the interaction of sex and salinity did not significantly affect the amount of free carbohydrates (F 5 2.2386, P 5 0.1572). Epithelial protein-bound carbohydrate content in crabs exposed to 40 ppt was significantly greater than crabs at 25 ppt ( Fig. 5 ; F 5 5.5415, P 5 0.0240; Tukey-Kramer HSD, P , 0.05). The interaction of sex and salinity did not significantly impact epithelial protein-bound carbohydrate content (F 5 2.6886, P 5 0.1163). Neither sex, salinity, nor their interaction significantly affected hepatopancreas free or protein-bound carbohydrate content (all F # 0.6602, P $ 0.5379) or hemolymph free or protein-bound carbohydrate content (all F # 0.8595, P $ 0.4524). Hepatopancreas free and proteinbound carbohydrates across all treatment groups averaged 2.72 6 1.76 mg/mL and 2.02 6 0.58 mg/mL, respectively while hemolymph free and protein-bound carbohydrates averaged 0.052 6 0.048 mg/mL and 0.220 6 0.142 mg/ mL, respectively. In summary, females and 25 ppt crabs possessed greater free carbohydrate content while 40 ppt crabs possessed greater protein-bound carbohydrates in epithelial tissue. Male and female tissues were analyzed to assess protein content under different salinities. Overall, male crabs had more protein content in their epithelial tissue than female Table 2 . Basal limb growth and proecdysis durations (days) in U. pugnax exposed to different salinity regimes. Durations are expressed as the mean 6 SE. a signifies male crabs that displayed significantly greater variability in basal growth duration (Bartlett's F 5 4.48, P 5 0.034). indicates those crabs exposed to 10 ppt seawater displayed significantly greater variability (Bartlett's F 5 3.42, P 5 0.033) than crabs exposed to 25 and 40 ppt. 13.3 6 0.6 9.5 6 0.5 40 14.9 6 0.6 12 6 2.1 crabs ( Fig. 6 ; F 5 5.5274, P 5 0.0352). Female crabs had significantly more protein content in their epithelial tissue at 40 ppt than female crabs at 10 ppt (F 5 4.4071, P 5 0.0346; Tukey-Kramer HSD, P , 0.05) while males showed no difference with salinity. The interaction between sex and salinity did not alter epithelial tissue protein content (F 5 1.1551, P 5 0.3453). Neither sex, salinity nor their interaction altered hepatopancreas protein content (F 5 0.6347, P 5 0.5470). In summary, female crabs displayed reduced epithelial tissue protein levels, especially at lower salinities.
To assess new exoskeleton quality for male and female crabs exposed to different salinities, we determined exoskeleton acid-, water-and base-soluble protein and chitin content. Salinity did not decrease the amount of total protein extracted from newly synthesized exoskeleton (F 5 2.9041, P 5 0.0881) nor did the interaction of sex and salinity have a significant effect (F 5 1.1841, P 5 0.3422). Crabs at 10 ppt averaged 0.022 mg protein/mg chitin (SE 6 0.006) and crabs at 40 ppt averaged 0.021 mg protein/ mg chitin (SE 6 0.006) while crabs at 25 ppt averaged 0.041 mg protein/mg chitin (SE 6 0.006). The interaction between sex and salinity did not significantly affect the amount of extractable acid-, water-, and base-soluble protein (all F # 1.2008, P $ 0.3375). Neither sex, salinity nor their interaction affected percent chitin content (all F # 1.1164, P $ 0.2017) which averaged 33.6%.
DISCUSSION
Our osmoregulation results suggest that U. pugnax is a hyperosmoregulator at low salinities while an osmoconformer at higher salinities. This supports previously documented salinity ranges and osmoregulation abilities for U. pugnax and other species belonging to the genus Uca (Thurman, 2003) . Species of Uca, both settling larvae and adults, typically display preferences for certain salinity ranges, with U. minax preferring the very lowest salinity levels while U. pugnax and U. pugilator preferring higher salinities close to full strength seawater. This is primarily due to their salinity tolerance or acclimation ability to osmoregulate in those ranges (Teal, 1958; Brodie et al., 2005; Godley and Brodie, 2007) . Our acute survival data also suggest that lack of ability to osmoregulate at extremely high salinities (75 ppt) causes increased mortality. This finding is supported by other research on species of Uca (Thurman, 2003) . Yet, our results differed from Thurman (2003) in that U. pugnax gathered from Powell's Bay osmoconformed at a lower external osmolarity (40 ppt) than U. pugnax gathered at near-by Assateague. This suggests that intra-species differences exist in osmoregulation ability in Uca pugnax (Thurman, 2003) potentially due to site to site differences in salinity regimes. Mortality of all 60 ppt exposed individuals within 24 h of bilateral eyestalk ablation indicates both osmoregulatory stress and that eyestalk ablation severely interfered with physiological function. Previous studies have found that crustacean hyperglycemic hormone (CHH), which originates in eyestalk X-organ/sinus glands, is responsible for glucose regulation and assists with osmoregulation during ecdysis, such as the influx of water for exoskeleton expansion (reviewed by Chang et al., 2001 ). The combination of osmoregulation stress with removal of CHH through eyestalk ablation possibly caused the observed mortality in crabs exposed to 60 ppt seawater.
Our finding that high and low salinity exposure increased the variability in basal limb growth duration and that males of U. pugnax displayed abnormal limb formation is concurrent with previous studies. Specifically, Weis (1976) found low and high salinities decreased limb size and growth during the basal growth phase. Additionally, male Uca limb regeneration can be disrupted by other environmental stressors such as heavy metals, endocrine disruptors and temperature extremes (Weis, 1985; Weis and Kim, 1988; Stueckle et al., 2008) . Fiddler crabs show high variability in the time to ecdysis under normal circumstances, and high salinity increases the time to molt in U. pugilator (Weis, 1976) . Although we detected no significant differences among means, we conclude that chronic exposure to extreme salinity regimes significantly increases variability of basal limb growth duration and that limb regeneration was not affected.
The respiration rate of U. pugnax indicates increased energy demand of post-molt crabs exposed to high salinities. By transforming our respiration rate data into metabolic rate (J/min/g wet weight) to compare to a previous study, we found that our post-molt U. pugnax at 10 and 40 ppt metabolic rate (6.26 and 19.4 J/min/g) were 19% and 58%, respectively, of rates observed in acute, Fig. 5 . Protein-bound carbohydrate content in epithelial tissue pooled across post-molt male (n 5 10) and female (n 5 9) crabs for each salinity. * signify means that are significantly different from each other (TukeyKramer HSD, P , 0.05). thermally-stressed U. pugnax at 27uC (33.6 J/min/g; Vernberg, 1959) . In comparing our pre-molt data (10.5 J/ min/g) to Vernberg's non-stressed treatment group (14.7 J/ min/g), the metabolic rates in both studies are comparable. This comparison suggests that chronic exposure to high salinity levels in post-molt crabs results in less metabolic stress than crabs acutely exposed to a rapid increase in temperature.
Energy demand increases under the physiological stress of ecdysis (Mangum et al., 1985) and during periods of salinity stress (Pillai and Diwan, 2002) . Crabs at 25 ppt possessed more free carbohydrates in epithelial tissue than crabs at 10 ppt and 40 ppt while all male crabs displayed depletion in free carbohydrates compared to females. Decreased free carbohydrate content indicates that these crabs experienced utilization of carbohydrates greater than available supply. Other studies have also documented low carbohydrate content in crustaceans under salinity stress (Morris, 1999; Verslycke and Janssen, 2002) . The absence of an identical trend in epithelial protein-bound carbohydrates suggests that this pool of stored energy was not accessed. Glycoproteins are one of the primary building blocks for crustacean chitin matrix synthesis (Roer and Dillaman, 1984) . U. pugnax exposed to 10 ppt appear to selectively use this potential energy pool for exoskeleton synthesis and not for replenishing free carbohydrates. The increase in protein-bound carbohydrates at 40 ppt highlights the increased stores of glycoproteins and could be due to protein-mediated cell volume regulation (discussed below).
The relative absence of no observable changes in hepatopancreas and hemolymph levels suggests that either these tissues are not significant post-molt sources of carbohydrates or that their carbohydrate pools were already at low levels six days after post-molt. Previous studies have found that hepatopancreas carbohydrate levels remain constant during all times of the year, but that carbohydrate levels in the hemolymph vary during energy demanding processes (Vinagre et al., 2007) . Our data suggests that carbohydrate levels were depleted in the hemolymph, but maintained in the hepatopancreas. Hepatopancreas lipids are known as a source of energy during high metabolic demand (Kucharski and Da Silva, 1991) . During pro-ecdysis and postecdysis, U. pugnax may use carbohydrates in both the hemolymph and epithelial tissue for immediate metabolic and exoskeleton synthesis demands. Further studies are warranted to investigate whether hepatopancreas lipid levels experience depletion throughout molting. We conclude that post-molt U. pugnax exposed to 10 and 40 ppt experienced metabolic stress based on free epithelial carbohydrate levels.
Decreased epithelial free carbohydrate pools suggest that male crabs experience elevated energy demand during ecdysis compared to females. Uca species possess highly sexually dimorphic anatomy and behaviors (Allen and Levinton, 2007) . Male crabs are characterized by larger body size and a large disproportionate cheliped which they use for defense and sexual display (Mariappan et al., 2000) . During ecdysis cheliped protein tissue is catabolized and withdrawn through the base of the limb (Ismail and Mykles, 1992) . This process coupled with a larger body size, increases energy demand in males during ecdysis (Mariappan et al., 2000; Allen and Levinton, 2007) . Reduced free carbohydrates in post-molt male epithelial tissue suggest that males are using energy at a greater rate than female crabs.
Post-molt epithelial protein content displayed greater sensitivity to salinity in females than in males. Individuals that employ an osmoconforming strategy at high salinities experience potential water loss due to an external hypertonic environment. Instead of using ions to match external salinities, which disrupt normal pH balance in cells, marine osmoconformers are known to utilize protein (weak acid/ base) to regulate water content (Péqueux, 1995; Promwikorn et al., 2007) . This strategy is particularly important in metabolically active, post-molt epithelial tissue which immediately underlies a semipermeable, newly synthesized exoskeleton. Additionally, immediately following ecdysis, uptake of water facilitates growth by pushing new exoskeleton to its new volume before hardening (Mykles, 1980) . This intake of high salinity seawater would also disrupt pH balance thus adding to the need for adequate protein stores for osmoregulation. Females exposed to 40 ppt may be actively synthesizing epithelial protein for cell volume regulation. Therefore, the increased amounts of protein and proteinbound carbohydrates in 40 ppt exposed crabs suggest that protein plays an osmoregulatory role in U. pugnax.
Females at 10 ppt displayed less epithelial protein content than females at higher salinities, and lower free carbohydrate content. Estuarine crustaceans at low salinities hyperosmoregulate their internal environment by conserving ions and removing excess water (Péqueux, 1995) . Ion regulation at low salinities is an energetically costly process due to active transport of ions across gill membranes (Péqueux, 1995) . Our data suggests that to hyperosmoregulate, crabs may have diverted energy normally used for cuticle synthesis to osmoregulatory activities. The fact that respiration rate was not elevated post-molt implies that they did not possess elevated oxygen demand. These results suggest that these females were less able to counter both osmoregulation stress and cuticle synthesis stress compared to other crabs. Given no observable changes occurred in exoskeleton makeup, females at 10 ppt were able to synthesize exoskeleton during proecdysis, but experienced depleted protein and carbohydrate concentration following ecdysis. The absence of protein content differences in males across salinity suggests that males either possess adequate protein stores and/or use additional mechanisms of osmoregulation.
The study revealed no evidence that adult U. pugnax experienced a change in post-molt exoskeleton content. Environmental stressors such as temperature, hormone mimicking compounds and industrial polluted waters are known affect this process (Cauchie et al., 1999; Horst and Walker, 1999; Gagne et al., 2005) . Exocuticle matrix synthesis, mostly comprised of water and base-soluble proteins with chitin, occurs during proecdysis, a stressvulnerable stage in the crab (Roer and Dillaman, 1984; Hopkins, 2001) . Conversely, acid-extractable protein is typically synthesized and incorporated into the endocuticle during early C-stage along with calcium and other salts (Chang, 1995; Pratoomchat et al., 2002) . Although it is known that certain stressors affect exoskeleton synthesis, in our exposure salinity did not alter U. pugnax exoskeleton protein and chitin content.
Our results support current distribution patterns which place U. pugnax in brackish to full strength seawater (Teal, 1958; Thurman, 2003; Brodie et al., 2005) . Although adult individuals are found at each extreme salinity range, our data suggests that salinity stress impacts both normal limb regeneration and ecdysis, thus limiting population distribution. Because the intertidal environments in which this species resides have fluctuating salinity levels, examining the effects of salinity on U. pugnax's hemolymph osmolarity, limb regeneration ability, and ecdysis is important to understanding their specific physiology and tolerance ranges (Verslycke and Janssen, 2002) . Given current concerns associated with changing weather and climate patterns, alterations in estuarine salinity regimes could limit the range and population stability in this and other related intertidal crustacean species.
